Abstract. The plastic deformation of two rolled magnesium sheets under tensile and compressive loading conditions is studied. A phenomenological plasticity model in which the primary deformation mechanisms, slip and (extension) twinning, are treated separately is developed and incorporated in the finite element framework. Deformations caused by these mechanisms are modelled by a symmetric and an asymmetric plastic potential. It is demonstrated that the model predicts the deformation mechanisms during shear loading as well as the macroscopic response of the sheets investigated.
Introduction
The application of wrought magnesium alloys requires reliable simulation tools for predicting the forming capabilities of the material. The respective constitutive models have to account for peculiarities of the mechanical behaviour. The behaviour is ruled by the hexagonal close-packed (hcp) lattice structure, which restricts the number of deformation mechanisms in comparison to cubic metals. Once plastic deformation is concerned, a constitutive relation for magnesium sheet alloys is commonly constructed on the basis of a plastic potential assuming associated flow. The plastic potential capturing yielding under multi-axial stress states has to account for the tension-compression asymmetry and the evolving anisotropy of magnesium alloys. Crystalplasticity based methods accounting for the mechanisms leading to irreversible deformation are computationally too expensive to be used in forming predictions. In this contribution, two coupled phenomenological potentials are proposed to account for slip and twinning as the essential deformation mechanisms. Here, the authors summarise the work described earlier [1] .
Materials and characterisation
Two commercial magnesium rolled sheets were selected: A well-known and widely used wrought magnesium alloy AZ31 (Mg + 3%Al + 1%Zn) and an alternative product, ZE10 (Mg + 1%Zn + 0.3% mischmetal), both in its annealed condition. Metallographic investigations revealed a comparable grain size of 15 m.
The alloys differ in their respective crystallographic texture; hence their mechanical behaviour investigated by tensile tests at room temperature along the rolling direction (RD), the transverse direction (TD), and under 45° to the RD is different. The orthotropic character of the material was furthermore evidenced by measurements of the accumulated r-value (Lankford coefficient) in tension and compression. Additionally, notched tensile bars and shear specimens were tested for both alloys along the axes of orthotropy. The respective forcedisplacement records were used to calibrate the model described in the following section.
Model
Deformation of the Mg alloys considered is governed by two major deformation mechanisms: deformation by dislocation glide and deformation by 10-12 twinning. The model proposed accounts for both mechanisms while considering the material at a macroscopic scale.
The inelastic deformation tensor is assumed to split into a deformation caused by dislocation glide, "g", and a deformation caused by twinning, "t", .
(
The plastic deformation caused by glide is governed by a yield surface ,
while the deformation caused by twinning is modelled by a yield surface .
and are the anisotropic measures of the difference between the Cauchy stress and the back stress representing kinematic hardening. Different stress measures were employed for the two contributions: The one of Barlat et al. [1] for glide, an asymmetric measure of Cazacu [2] for twinning. Both yield surfaces are allowed to harden independently, hence p g and p t are computed assuming normality of the respective potential. Coupling of the two potentials was established by the hardening functions and , which depend on the accumulated plastic strain caused by glide (p g ) and by twinning (p t ).
Parameter identification
The mechanical tests were simulated by means of quasistatic finite element analyses under displacement control. Tensile, in-plane and through-thickness compression tests were considered on the basis of single elements. Unotched bar and shear simulations use spatial discretisation. Additional to the force-elongation record, the evolution of the width strain was included in the optimisation procedure in the case of tensile and compression tests. The calibration of the parameters involved in the yield function and the hardening behaviour requires an iterative procedure. To determine the respective parameters, simplex and SQP minimisation algorithms are used together with finite element simulations of the mechanical tests. A set of initial parameters is chosen and simulations of the mechanical tests are done with these parameters. The difference between the simulations and the measurements is evaluated and a new set of parameters is calculated. This process is repeated. The optimisation stops when the difference is sufficiently small. For the simulations, fully integrated 3D-finite elements were used. In case of the elementary tests (tension, in-plane and through-thickness compression) single elements were used. The remaining tests (notched bar and shear test) were modelled using 3D meshes In Figure 1 the result of the compression tests along the RD are shown as an example. The width change in compression (AZ31 and ZE10) is generally small compared to the one in tension, which is related to the twinning activity during compression. The upturn of the width change related to the saturation of twinning is captured by the model. It coincides with the in inflection point of the force signal.
Biaxial stretching is the dominant stress state in sheet metal forming. It is shown in Figure 2 that in equi-biaxial tension AZ31 has an atypical high hardening modulus (assuming plastic incompressibility, biaxial stretching is equivalent to through-thickness compression). This furthermore confirms numerical predictions of Hama and Takuda [4] , who explain this effect by the absence of prismatic slip in this loading condition. As seen in Figure  2 , the present model is able to predict both, the biaxial hardening of AZ31 and the moderate one in case of ZE10.
Twinning activity under shear stress
Under an in-plane shear dominated loading it is a priori not clear whether (extension) twinning is active or not. Hence, a more detailed examination of the shear sample was conducted. For optical microscopy, the deformation zone of a shear specimen made of AZ31 and loaded until failure was cut, polished and etched This procedure intensifies the optical contrast between untwinned and twinned regions. As a consequence, twinned regions appear grey while grains deformed by glide render a lighter colour. In Figure 2a the dark grey zone of twinned volume is clearly visible In Figure 2b the contours of constant twinning strain, p t , at the macroscopic displacement leading to failure are shown. The computed twinning strain shows the same pattern as observed in the real microstructure. 
Conclusion
A phenomenological 3D plasticity model based on two coupled yield functions corresponding to dislocation glide and twinning, respectively, has been proposed. It has been shown that this model captures the evolving tension-compression asymmetry of the two magnesium alloys AZ31 and ZE10 under monotonous loading. It has been furthermore shown that this model is a powerful tool to predict not only the flow stress under different loading orientations over a wide range of strains, but also the evolution of width change under both tension and compression for both alloys. For AZ31, this could be achieved by considering isotropic hardening only. In case of ZE10, kinematic hardening is incorporated to capture the strong (and evolving) anisotropy of the flow stress in tension. The convexity of the yield surfaces is satisfied, which allows using this approach for structural application involving arbitrary 3D stress states. This has been exemplified by FE simulations of notched samples and shear specimens, in which the stresses are nonhomogeneous and multi-axial. This model can describe the transition behaviour from twining-dominated to crystallographic slip-dominated deformation. Although the model is based on phenomenological yield functions, it bears sufficient physical background to allow for such a prediction. The present study provides an efficient method for magnesium sheet metal forming simulations, which is alternative to the use of (time consuming) crystal plasticity theories with mechanistic twinning models.
